Introduction
============

Hepatocyte nuclear factor-4α (HNF4α)[^3^](#FN4){ref-type="fn"} is an orphan nuclear receptor (NR), which plays a critical role in hepatocyte differentiation ([@B1][@B2][@B3]) as well as the maintenance of homeostasis of the adult liver, intestine, and pancreatic β cells ([@B4][@B5; @B6][@B7]). Human HNF4α gene mutations cause maturity onset diabetes of the young 1 (MODY1) ([@B8], [@B9]), and the HNF4α ligands have been extended to include fatty acid metabolites ([@B10][@B11][@B12]). HNF4α consists of six distinct functional domains (A to F) ([@B13]), an A/B domain, which is associated with activation function 1 (AF-1), a C domain, which binds certain specific DNA sequences, a 6-base pair repeat segment with a 1-base pair spacer called direct repeat 1 (DR1), an E domain, which is the homodimerization region and also the ligand-binding domain associated with activation function 2, and an F domain, which has a negative regulatory function. Odom *et al.* ([@B14]) used a systemic promoter microarray analysis of HNF4α to reveal that the majority of active RNA polymerase II binding genes were also occupied by HNF4α in human hepatocytes, and concluded that the major function of HNF4α in the adult liver is the constitutive regulation of diverse genes.

The key factors in the wide diversity of the HNF4α-regulated transcriptional machinery are the phosphorylation and isoform states along with cofactor interactions. The phosphorylation of HNF4α regulates specific genes by affecting DNA binding and/or cofactor recruitment ([@B15][@B16; @B17][@B18]). The HNF4α isoforms are generated by alternative promoters together with alternative splicing of the corresponding exons ([@B19][@B20][@B21]). Although partially redundant, specific isoforms modulate transcriptional activity, cofactor recruitment, and specific gene regulation ([@B22][@B23; @B24][@B25]). Certain HNF4α-interacting cofactors alter HNF4α-regulated transcriptional mechanisms ([@B15], [@B23], [@B24]). In the commonly postulated NR mechanism, ligand binding induces the replacement of a histone deacetylase complex with a histone acetyltransferase (HAT) complex, with binding taking place through the NR-coregulator interaction motifs together with the activation function 2 domain ([@B26]). Recent reports showed that the cofactor-mediated function results in histone modification, regulation of chromatin conformation, and immature mRNA metabolism ([@B27]). Whereas these key factors might be linked with each other and have a central role in the fine tuning of the multiple transcriptional regulation activities performed by HNF4α, the details of the steady-state of native HNF4α are, as yet, poorly understood.

Hepatocyte nuclear factor-4γ (HNF4γ, NR2A2) is a member of the HNF4 orphan subfamily expressed in the pancreas, kidney, small intestine, and testis ([@B28]). Whereas an early report suggested there was no expression in the human liver ([@B28]), other groups subsequently reported expression at the mRNA level ([@B29], [@B30]). The gene regulation effected by HNF4γ has been reported to take place in coordination with HNF4α ([@B31][@B32][@B33]). In the study of Bogan *et al.* ([@B34]), they predicted the heterodimerization of HNF4α and HNF4γ through K(*X*)~26~E motifs on the E domain.

Here, we investigated the steady-state native HNF4α isoform, as well as the phosphorylation state and interacting complex, by shotgun proteomics and label-free semiquantitative proteomic analysis using specific antibodies and low noise magnetic beads. Moreover, by utilizing the complex database, we were able to categorize the cofactors into functional complexes. The data indicate the complexity of the native HNF4α states and cofactors obtained via stoichiometry. In confirmation of this proteomic analysis, we unexpectedly demonstrated HNF4α and HNF4γ heterodimerization and transcriptional activation. The regulatory genes shown here include an important regulator of lipid metabolism in the liver. The results support the concept that the fine tuning of the multiple transcriptional regulation activities arose from a distinctive stoichiometric balancing of the nuclear receptor and interacting cofactors. The application of this method to dynamic proteomics should help provide a means to obtain an adequate understanding of transcriptional regulation in extracellular/intracellular signaling and/or the developmental cascade.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Antibodies

Mouse monoclonal antibody H1415 (IgG2a) directed against the F domain, K9218 (IgG2a) directed against the P1-driven A/B domain, H6939 (IgG1) directed against the P2-driven A/B domain of human HNF4α, and B6502A (IgG1) directed against human HNF4γ, were raised in our laboratory by immunizing separate mice with peptides representing residues 394 to 461 of human HNF4α isoform 2, 3 to 49 of human HNF4α isoform 2, 1 to 16 of human HNF4α isoform 7, and 91 to 212 of human HNF4γ, respectively.

#### Preparation of Monoclonal Antibody Cross-linked Protein G-conjugated Magnetic Beads

Magnetic beads with Protein G conjugated on their surface (Magnosphere^TM^ MS300/Protein G, JSR Corp., Japan) were washed twice with PBS, 0.05% Tween 20. The capturing antibody procedure was carried out by adding the antibody at a final ratio of 4 μg of antibody/1 mg of beads with gentle mixing for 40 min at room temperature. After washing twice with PBS, 0.05% Tween 20 followed by 0.2 [m]{.smallcaps} triethanolamine-HCl, pH 8.2, the affinity-captured antibody was cross-linked by adding 20 m[m]{.smallcaps} dimethyl pimelimidate in 0.2 [m]{.smallcaps} triethanolamine-HCl, pH 8.2, with gentle mixing for 30 min at room temperature. After removing the buffer, quenching was carried out by adding Tris-buffered saline with gentle mixing for 15 min at room temperature. After washing twice with PBS, 0.01% Tween 20, antibody cross-linked Protein G-conjugated magnetic beads were suspended with PBS, 0.01% Tween 20 and stored at 4 °C.

#### Preparation of HepG2 Nuclear Extract

HepG2 cells were grown as previously described ([@B35]). HepG2 nuclear extract was prepared described by Dignam *et al.* ([@B36]), with minor changes. All steps were carried out at 4 °C. The culture medium was removed from HepG2 cell cultures grown to 80--90% confluence. The cells were gently rinsed with ice-cold PBS, 0.2 m[m]{.smallcaps} PMSF and harvested by scraping into fresh ice-cold PBS, 0.2 m[m]{.smallcaps} PMSF. Harvested cells were collected by centrifugation for 10 min at 1,850 × *g* and resuspended in a 5 packed cell volume of hypotonic buffer (10 m[m]{.smallcaps} HEPES, pH 7.9, at 4 °C, 1.5 m[m]{.smallcaps} MgCl~2~, 10 m[m]{.smallcaps} KCl, 0.2 m[m]{.smallcaps} PMSF, 0.5 m[m]{.smallcaps} DTT). Suspension cells were again collected by centrifugation for 5 min at 1,850 × *g* and resuspended in hypotonic buffer to a final volume of 3 packed cell volume. The cells were transferred to a glass Dounce homogenizer after incubating on ice for 10 min and homogenized using a loose pestle with 25 to 30 gentle strokes. When cell lysis reached 80%, the nuclei were collected by centrifugation for 15 min at 3,300 × *g*. The nuclei pellet was resuspended in 1/2 packed nuclear volume of low-salt buffer (20 m[m]{.smallcaps} HEPES, pH 7.9, at 4 °C, 25% glycerol, 1.5 m[m]{.smallcaps} MgCl~2~, 20 m[m]{.smallcaps} KCl, 0.2 m[m]{.smallcaps} EDTA, 0.2 m[m]{.smallcaps} PMSF, 0.5 m[m]{.smallcaps} DTT). In terms of the nuclear extract preparation, 1/2 packed nuclear volume of high-salt buffer (20 m[m]{.smallcaps} HEPES, pH 7.9, at 4 °C, 25% glycerol, 1.2 [m]{.smallcaps} MgCl~2~, 20 m[m]{.smallcaps} KCl, 0.2 m[m]{.smallcaps} EDTA, 0.2 m[m]{.smallcaps} PMSF, 0.5 m[m]{.smallcaps} DTT) was added to the nuclei suspension in a dropwise fashion over a period of 1 h with gentle stirring, and then continuously stirred gently for 30 min at 4 °C. The extract was centrifuged 30 min at 25,000 × *g* to remove debris, and the supernatant was dialyzed against a sufficient volume of dialysis buffer (20 m[m]{.smallcaps} HEPES, pH 7.9, at 4 °C, 10% glycerol, 100 m[m]{.smallcaps} KCl, 0.2 m[m]{.smallcaps} EDTA, 0.2 m[m]{.smallcaps} PMSF) for 5 h. The dialyzed extract was centrifuged for 20 min at 25,000 × *g*, and the pellet was discarded. Aliquots of the supernatant were frozen with liquid nitrogen and stored at −80 °C as the nuclear extract.

#### Immunoprecipitation of Native HNF4α Complex from HepG2 Nuclear Extract

Before affinity purification, the HepG2 nuclear extract was thawed on ice, added at the final concentration of 0.1% Nonidet P-40, centrifuged 15 min at 20,000 × *g*, and the pellet was discarded. Supernatant was passed through a 0.22-μm filter and incubated with 0.5 mg of the antibody cross-linked Protein G-conjugated magnetic beads for 4 h at 4 °C. Magnet beads were washed 3 times with 0.1 [m]{.smallcaps} KCl-HEGN (20 m[m]{.smallcaps} HEPES, pH 7.9, at 4 °C, 0.1 [m]{.smallcaps} KCl, 0.1 m[m]{.smallcaps} EDTA, 10% glycerol, 0.1% Nonidet P-40, 0.2 m[m]{.smallcaps} PMSF) and once with 50 m[m]{.smallcaps} NH~4~HCO~3~ buffer at 4 °C. The affinity purified proteins were eluted by 0.05% RapiGest (Waters) in 50 m[m]{.smallcaps} NH~4~HCO~3~ buffer for 30 min at 67 °C. Eluent was concentrated by 10% ice-cold TCA, washed with ice-cold acetone, and dried. All magnetic bead operations for affinity purification were carried out with a Magnatrix 1200 (Precision System Science) magnetic bead reaction system.

#### In-solution Digestion

The immunoprecipitation (IP) samples concentrated by TCA precipitation were resuspended in 25% (v/v) CH~3~CN, 25 m[m]{.smallcaps} NH~4~HCO~3~ buffer. The samples were reduced in 1.2 m[m]{.smallcaps} tris(2-carboxyethyl)phosphine for 15 min at 50 °C and alkylated in 3 m[m]{.smallcaps} iodoacetamide for 30 min at room temperature, respectively. The samples were digested overnight with 100 ng of trypsin (Promega) at 37 °C. After drying with a SpeedVac (ThermoFisher Scientific) to reduce the CH~3~CN concentration, peptides were dissolved in 0.2% TFA, 2% CH~3~CN solution and incubated for 60 min at 37 °C for residual RapiGest degradation. After incubation, samples were centrifuged to remove precipitates.

#### Liquid Chromatography-Tandem Mass Spectrometry (LC/MS/MS)

A capillary reverse phase HPLC-MS/MS system (ZAPLOUS System; AMR Inc.), comprised of a Paradigm MS4 quadra solvent delivery device (Michrom BioResources), an HTC PAL autosampler (CTC Analytics), and Finnigan LTQ orbitrap XL mass spectrometer (Thermo Scientific) equipped with an XYZ nanoelectrospray ionization source (AMR Inc.), was used for LC/MS/MS analysis. Aliquots of trypsinized samples were automatically injected onto a peptide CapTrap cartridge (2.0 × 0.5 mm inner diameter, Michrom BioResources) attached to an injector valve for desalting and concentrating the peptides. After washing the trap with 98% H~2~O, 2% AcCN, 0.2% TFA, the peptides were loaded into a separation capillary reverse phase column (Monocap C18 150 × 0.2 mm inner diameter, GL-Science) by switching the valve. The eluents used were: A, 98% H~2~O, 2% AcCN, 0.1% HCOOH; and B, 10% H~2~O, 90% AcCN, 0.1% HCOOH. The column was developed at the flow rate of 1.0 μl/min, with a concentration gradient of AcCN: from 5% B to 35% B for 100 min, then from 35% B to 95% B for 1 min, maintained in 95% B for 9 min, from 95% B to 5% B for 1 min, and finally re-equilibrating with 5% B for 9 min. Effluents were introduced into the mass spectrometer via the nanoelectrospray ion interface that held the separation column outlet directly connected with an nanoelectrospray ionization needle (PicoTip FS360--50-30; New Objective Inc.). The ESI voltage was 2.0 kV and the transfer capillary of the LTQ inlet was heated to 200 °C. No sheath or auxiliary gas was used. The mass spectrometer was operated in a data-dependent acquisition mode, in which the MS acquisition with a mass range of *m/z* 420--1600 was automatically switched to MS/MS acquisition under the automated control of Xcalibur software. The top 4 precursor ions were selected by an MS scan, with Orbitrap at a resolution of *r* = 60000, and for the subsequent MS/MS scans by ion trap in the normal/centroid mode, using the automated gain control (AGC) mode with AGC values of 5.00 × 10^5^ and 1.00 × 10^4^ for full MS and MS/MS, respectively. We also employed a dynamic exclusion capability that allowed sequential acquisition of the MS/MS of abundant ions in the order of their intensities with an exclusion duration of 2.0 min, and exclusion mass widths of −5 and +5 ppm. The trapping time was 100 ms with the auto gain control on.

#### Data Base Search and Label-free Semiquantitative Proteomic Analysis

For the identification of the phosphorylation- and isoform-specific HNF4α peptide, MS/MS data were processed with Mascot® software (version 2.1.04, Matrix Science) against the NCBInr data base (AddGene Nr_Human 189494 sequences; Maze) at a peptide mass tolerance of 3 ppm and fragment mass tolerance of 0.8 Da, taking into account fixed peptide modification by carbamidomethyl (C), variable peptide modifications by methionine oxidation, as well as phosphorylation, including phosphoserine, phosphothreonine, and phosphotyrosine. The analysis of the data was carried out with Scaffold software (Proteome Software). For the label-free semiquantitative proteomic analysis, the SwissProt 57.3 *Homo sapiens* database (20,405 sequences) was used. The cut-off score was 35. The label-free semiquantitative values were determined using the Expressionist Refiner MS software (GeneData). After pre-processing (noise subtraction, RT alignment, and peak detection) and importing the identification results from the Mascot software, the relative ion intensities were calculated and normalized by the Lowess normalization method. The intensities of ions having the same calculated mass ±0.01 Da with different charges were summed.

#### Statistical Analyses

*p* values were calculated using two-way factorial analysis of variance.

#### Complex Analysis

First, the 302 complex lists containing the protein(s) with analysis of variance *p* values ≤ 0.000001, the assigned picomole in terms of both of the anti-HNF4α antibodies ≥0.05, and the assigned picomole in terms of control IgG ≤0.05, were extracted from the Human Protein Reference Database (HPRD) ([@B37]). Then, the complex lists in which the number of proteins in [supplemental Data S1*C*](http://www.jbc.org/cgi/content/full/M110.154732/DC1) was less than one-third and the assigned total picomole of both of the anti-HNF4α antibodies was less than 1 pmol, were excluded from the first 302 complex lists. Finally, the chosen complex lists were grouped by repeating the following procedure: the complex list that had the highest total assigned picomole of both the anti-HNF4α antibodies was picked; and the complex lists in which over one-half of the proteins were included in the picked complex were extracted and grouped.

#### Transient Transfection and Preparation of Whole Cell Lysate

The expression plasmid of human HNF4α isoform 2 was previously described ([@B38]). The human HNF4γ cDNA was cloned from HepG2 cell RNA and inserted into the pcDNA3 vector (Invitrogen). All of mutant HNF4α isoform 2 and HNF4γ plasmids were created with the QuikChange site-directed mutagenesis kit (Stratagene). CHO cells were grown as previously described ([@B35]). CHO cells were plated in 100-mm plates at 8 × 10^5^ cells for 18 h prior to co-transfection. Co-transfection procedures were performed with the TransIT LT-1 transfection reagent (Mirus Bio LLC) using 4 μg each of the expression vector pairs per plate. After 48 h of co-transfection, cells were gently rinsed with ice-cold PBS, 0.2 m[m]{.smallcaps} PMSF and harvested by scraping into fresh ice-cold PBS, 0.2 m[m]{.smallcaps} PMSF. Harvested cells were collected by centrifugation for 10 min at 2,000 × *g* and lysed with lysis buffer (20 m[m]{.smallcaps} Tris-HCl, pH 7.5, 2 m[m]{.smallcaps} MgCl~2~, 150 m[m]{.smallcaps} NaCl, 2 m[m]{.smallcaps} EGTA, 10% glycerol, 1% Nonidet P-40, 25 m[m]{.smallcaps} β-glycerophosphate, 10 m[m]{.smallcaps} NaF, 0.2 m[m]{.smallcaps} PMSF, 0.5 m[m]{.smallcaps} DTT, 1 protease inhibitor mixture tablet (Roche Applied Science) per 10 ml). Benzonase nuclease (Novagen) was added to the lysed cells at a final concentration of 25 units/ml and they were incubated on ice for 30 min. The lysate was centrifuged 15 min at 20,000 × *g* and the pellet was discarded and used for the subsequent IP.

#### Immunofluorescence

Immunofluorescence was performed as previously described ([@B39]). HepG2 cells plated on chamber slides were fixed with 4% (w/v) paraformaldehyde in PBS for 5 min, permeabilized with 0.5% (v/v) Triton X-100 in PBS for 5 min on ice, and blocked with PBS containing 10% normal goat serum. They were stained with antibodies anti-HNF4γ B6502A and anti-HNF4α F domain H1415 labeled with a Zenon Alexa Fluor 488 labeling kit (Invitrogen) in dilutions of 1:100 and 1:50, respectively. For the detection of B6502A, the Alexa Fluor 594 anti-mouse IgG Fab′ fragment (1:1000 dilution; Invitrogen) was used as a secondary antibody. Immunofluorescence was captured with a confocal laser scanning microscope (LSM510META; Carl Zeiss).

#### ChIP-qPCR, ChIP-reChIP-qPCR, ChIP Sequencing, and Data Analysis

For the ChIP analysis using antibodies anti-HNF4α F domain H1415, anti-HNF4α A/B domain K9218, and anti-HNF4γ B6502A, HepG2 cells were cross-linked with 1% formaldehyde for 10 min at room temperature and prepared for ChIP as described previously ([@B40]). For ChIP-reChIP, the elution step was carried out by adding the elution buffer with 10 m[m]{.smallcaps} DTT for 30 min at 37 °C after the 1st ChIP. The eluted samples were diluted 40 times with ChIP dilution buffer, and the reChIP was then performed by adding the 2nd antibody. ChIP and ChIP-reChIP samples were also analyzed by gene-specific quantitative real time PCR (qPCR) analyses. The primer sequences used for ChIP-qPCR are shown under [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). ChIP-seq sample preparation for sequencing was performed according to the manufacturer\'s instructions (Ilumina). Sequences were mapped to the Build \#37 reference human genome. As a result, 6,928,104, 6,980,254, and 6,631,466 sequences were uniquely mapped for antibodies anti-HNF4α F domain H1415, anti-HNF4α A/B domain K9218, and anti-HNF4γ B6502A, respectively. A Genomatix bioinformatics software package was used to search for the sequence motifs enriched among the sequences having HNF4 binding. The 1000 bp sequences around the position with the highest binding *p* value in each gene group were used. We applied the CoreSearch tool ([@B41]) to the top 50 sequences from the highest signal rates in the ChIP-seq data for the determination of the preliminarily motifs. Using these generated preliminarily motifs, similar sequences were extracted from the top 1000 sequences with the highest signal rates in the ChIP-seq data using the MatInspector search tool ([@B42]). The final motifs were generated with the MatDefine tool ([@B42]) using the frequency of the extracted sequences from MatInspector.

#### RNA Interference

The duplex constructs for each small interfering RNA (siRNA) targeting HNF4α mRNA, *i.e.* 4α-(i) and 4α-(ii), along with the negative control, 4α-control (negative control siRNA), were purchased from Qiagen. The duplexes for each siRNA targeting HNF4γ mRNA, *i.e.* 4 γ-(i), and 4 γ-(ii), along with the negative control, 4γ-control (Stealth RNAi Negative Control Kit with Midium GC), were purchased from Invitrogen. These target sequences are shown under [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). For transfection, 2.5 × 10^5^ HepG2 cells in a 6-well plate were transfected with 10 n[m]{.smallcaps} of each siRNA along with Lipofectamine RNAi MAX reagent (Invitrogen) according to the manufacturer\'s instructions. After a 48-h transfection, HNF4α and HNF4γ expression activities were confirmed by immunoblotting and quantitative real time PCR.

#### Quantitative Real Time PCR

RNA was reverse-transcribed using a first-strand cDNA synthesis kit (Invitrogen) and subsequently assayed by quantitative real time PCR with an ABI PRISM 7900HT sequence detection system (Applied Biosystems). All of the primer sequences are shown in [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). Cyclophilin mRNA was used as an internal control in all studies.

#### Microarray Analysis

Microarray expression analysis was performed using the Affymetrix GeneChip system according to the manufacturer\'s instructions. Labeled cRNA probes were hybridized to Affymetrix U133plus 2.0 arrays (Affymetrix). The microarray imaging data were scanned and analyzed with GeneChip Operating Software (Affymetrix).

#### Accession Numbers

We have deposited the microarray datasets and ChIP-seq datasets in the GEO data base (accession number [GSE18990](GSE18990)).

#### Luciferase Reporter Assay

The luciferase reporter assay was carried out as previously described ([@B35]). The positions −1 to −204 relative to the translation start site of the cell death-inducing DFFA-like effector b (*CIDEB*) and the 5′ UTR of the *HGD* gene were amplified by PCR, using human genomic DNA from HepG2 cells as a template, and cloned into the luciferase reporter vector, pGL3 basic (Promega). The resulting constructs were designated CIDEB-(1--204) and HGD 5′ UTR. Mutations were introduced by PCR-based site-directed mutagenesis, using a QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer\'s protocol. The mutation sequences were as follows: for the CIDEB-(1--204) of the distal DR1 motif (bp −174 to −162), from AGGGCAAAGTCCA to AGGGGATCCTCCA; for the CIDEB-(1--204) of the proximal DR1 motif (bp −142 to −130), from GGGCCAGAGTCCA to GGGCGGATCCCCA; for the HGD 5′ UTR of DR1 motif (bp −191 to −179), from GGGAGAAAGTCCA to GGGGGATCCTCCA. HEK293 cells were grown as previously described ([@B35]). For transfection, HEK293 cells were plated at a density of 0.5 × 10^5^/24-well plate on the day before transfection. On day 1, cells were transfected with a luciferase reporter plasmid (50 ng), the expression plasmids (75 ng), and pRL-TK (5 ng) using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s instructions. The total amount of DNA per well was kept constant by adding the corresponding amount of the expression vector without a cDNA insert. On day 2, the preparation of cell lysates and measurements of the luciferase activity were performed using the Dual Luciferase Reporter assay system (Promega) according to the manufacturer\'s instructions. All assays were performed twice in triplicate.

#### Electrophoresis Gel Mobility Shift Assay (EMSA)

EMSAs were carried out as described previously ([@B43]). Double-stranded oligonucleotides were labeled with \[α-^32^P\]dCTP and a Klenow fragment, and purified using a G-50 microspin column (GE Healthcare). The oligonucleotide sequences used for the probes and competitors are shown in [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). For supershift experiments, nuclear extracts were preincubated with each of the anti-HNF4 antibodies and mouse IgG for 20 min at room temperature.

RESULTS
=======

### 

#### Strategy for the Proteomic Analysis of the Native HNF4α Status

To clarify the transcriptional control of HNF4α and its cofactor complex in the steady-state native condition, HNF4α was immunopurified from HepG2 nuclear extract ([Fig. 1](#F1){ref-type="fig"}) and analyzed using highly sensitive shotgun proteomics. Two domain-specific monoclonal antibodies (mAbs) were chosen for IP, one that recognizes the F domain (Clone number H1415) and one that recognizes the A/B domain (Clone number K9218). Each of these mAbs was cross-linked to Protein G-conjugated magnetic beads developed by JSR Corporation for IP. The protein staining and immunoblotting indicated that the IP quality was of low noise and high yield ([Fig. 1](#F1){ref-type="fig"}). Using in-gel digestion following liquid chromatography coupled tandem mass spectrometry (LC/MS/MS), the most intense band was identified as HNF4α isoform 2 (indicated by the *arrow* in [Fig. 1](#F1){ref-type="fig"}*A*). One milligram of HepG2 nuclear extract was calculated to contain 11.3 pmol of HNF4α from the immunoblot intensity, using the GST fusion HNF4α E-F domain protein as the calibrator. For more detailed analysis, three independent HepG2 nuclear extracts were immunoprecipitated with two mAbs in triplicate, and all samples were subjected to gel-free LC/MS/MS. The HNF4α phosphorylation and isoforms were identified using an MS/MS database search, and the amount of various HNF4α associating cofactors was evaluated with label-free semiquantitative proteomic analysis ([@B44]), using a reported method in which the average of the three highest peptide intensities in each protein was regarded as the relative abundance of the protein ([@B45]).

![**Immunoprecipitation of native HNF4α and its interactive proteins.** The immunoprecipitated native HNF4α and its complexes from HepG2 nuclear extract were (*A*) stained with SYPRO Ruby protein staining and (*B*) immunoblotted with the H1415 horseradish peroxidase (HRP)-conjugated anti-HNF4α F domain antibody. From a single gel band, pointed out by the *arrow* in *A*, HNF4α was identified by database search and inspection of individual MS/MS spectra in the raw files.](zbc0051145820001){#F1}

#### Proteomic Identification of the Native HNF4α Isoform and Phosphorylation Status

Utilizing a MASCOT database search, three phosphorylated peptides were found in HNF4α ([Fig. 2](#F2){ref-type="fig"}*A*). Upon inspection of each of the MS/MS spectra in the raw files, either of the reported phosphorylation sites of Ser^133^ and Ser^134^ ([@B17]), together with Ser^158^ ([@B15]), were confirmed. Additionally, the phosphorylation of Ser^427^, and the double phosphorylation of Thr^420^ + Ser^427^, were newly identified from the MS/MS neutral loss ion spectra ([Fig. 2](#F2){ref-type="fig"}*B* and [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1)). In terms of other HNF4α modifications, ubiquitination of Lys^224^ was observed. Certain isoform-specific peptides, *i.e.* the P2 promoter driven A/B domain (*green box*), 10 amino acid inserted F domain (*blue box*), and F domain variant produced by extension of the last exon encoding the E domain (*yellow box*), were identified ([Fig. 2](#F2){ref-type="fig"}*C*). It is therefore suggested that the native HNF4α isoform engages in heterodimer formation, because H1415 lacks reactivity against isoforms 3 and 9, and K9218 lacks reactivity against isoforms 7, 8, and 9, respectively ([@B38]). The results of immunoblotting with HNF4α-isoform-specific mAbs demonstrated the existence of all of the isoforms except 9, and the co-IP of heterogeneous isoforms in HepG2 cells ([Fig. 2](#F2){ref-type="fig"}*D*).

![**Identification of steady-state native HNF4α phosphorylation and isoforms.** *A*, schematic illustration of the identified regions of HNF4α phosphorylation. The *box* represents the domain structure of human HNF4α isoform 2. The *numbers above* the box represent the amino acid number in each domain. The regions and amino acid number corresponding to phosphorylation are represented by *lines* and the *numbers under* the *box*, respectively. *B*, the identified sites of native HNF4α phosphorylation. The identified phosphorylated peptides in human HNF4α isoform 2 are represented by *single letter* notation of the amino acid, and phosphorylated residues are represented by *yellow circles. C*, schematic illustration of the identified peptides that correspond to the HNF4α isoforms. The *upper six boxes* represent the domain structure of the human HNF4α isoforms. The *lower bars* represent the identified isoform-specific peptides. Each *colored region* indicates the isoform-specific amino acid residues that were identified by proteomic analysis. *D*, physical conformation of the native HNF4α isoform heterodimer. HepG2 nuclear extract was used for immunoprecipitation. Immunoblotting was carried out using the horseradish peroxidase (HRP)-conjugated anti-HNF4α F domain antibody H1415, anti-HNF4α P1 driven A/B domain antibody K9218, and anti-HNF4α P2 driven A/B-domain antibody H6939. The bands indicated by the *open arrowheads* are the HNF4α isoforms that did not react with the monoclonal antibodies used for immunoprecipitation.](zbc0051145820002){#F2}

#### Proteomic Landscape of Functional HNF4α Associating Cofactors

The relative abundance of the identified proteins was calculated from the average peak intensities of the peptides identified in each IP to obtain a comprehensive analysis of the HNF4α cofactors ([supplemental Data S1, *A* and *B*](http://www.jbc.org/cgi/content/full/M110.154732/DC1)). Using these relative abundances, the statistical significance (analysis of variance *p* value) between the anti-HNF4α and control IP was assessed, and each relative amount was normalized, with the average amount of HNF4α being 11.3 pmol ([supplemental Data S1, *B* and *C*](http://www.jbc.org/cgi/content/full/M110.154732/DC1)). Among these, several of the HNF4α interacting factors listed in the PubMed Gene database were observed ([Table 1](#T1){ref-type="table"}). From the newly identified proteins, we extracted HNF4α associating cofactor candidate complexes from the HPRD, and grouped the overlapping complexes (see "Experimental Procedures"). Among the categorized complexes, we identified the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), HAT complex SPT3-TAF~II~31-GCN5L acetylase (STAGA) and Tip60 HAT complex ([@B46], [@B47]), U2 snRNP splicing complex ([@B48]), NR coactivator NCoA62/SKIP ([@B49]), vitamin D receptor-coupled chromatin remodeling complex WINAC ([@B50]), and nucleosome remodeling and histone deacetylation complex Mi-2/nucleosome remodeling and deacetylase ([@B51]) ([Table 1](#T1){ref-type="table"}). Various other novel associating proteins were also observed ([Table 1](#T1){ref-type="table"}). We confirmed the specificity and appearance of some of the noteworthy proteins listed in [Table 1](#T1){ref-type="table"} by IP-immunoblotting with the available antibodies ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M110.154732/DC1)).

###### 

**Proteomic identification of HNF4α associating complexes and cofactors**

The category grouping of HNF4α association cofactors is performed as described under "Experimental Procedures." "Both" means extracted from both of the HNF4α antibody-specific proteins, the "F domain" is extracted from the HNF4α F domain antibody H1415 only proteins, and the "A/B domain" is extracted from HNF4α A/B domain antibody K9218 only proteins, respectively. The quantitative and motif data sets were assigned from [supplemental Data S1*C*](http://www.jbc.org/cgi/content/full/M110.154732/DC1).

![](zbc005114582t01a)

![](zbc005114582t01b)

#### Investigation of Functional HNF4α and HNF4γ Heterodimerization, and Transcriptional Activation in HepG2 cells

The HNF4 orphan superfamily member HNF4γ (HNF4G) was unexpectedly found to be one of the most evident of the associating proteins ([Table 1](#T1){ref-type="table"}). We confirmed that there were HNF4γ-specific peptides ([supplemental Fig. S3*A*](http://www.jbc.org/cgi/content/full/M110.154732/DC1)), and the possibility of a cross-reaction between anti-HNF4α and -γ mAbs was excluded ([supplemental Fig. S3*B*](http://www.jbc.org/cgi/content/full/M110.154732/DC1)). Thus, we focused on the possibility of transcriptional regulation by the HNF4α-HNF4γ heterodimer. The co-IP analysis of native HNF4α and HNF4γ confirmed the interaction ([Fig. 3](#F3){ref-type="fig"}*A*). The pull-down analysis of the mutated K(*X*)~26~E motif for HNF4α and HNF4γ revealed the importance of the heterodimerization through the K(*X*)~26~E motif for each of them ([Fig. 3](#F3){ref-type="fig"}, *B* and *C*). Immunofluorescence analysis indicated partial co-localization in the nucleus ([Fig. 3](#F3){ref-type="fig"}*D*). These biochemical analyses reveal native HNF4α-HNF4γ to be a heterodimer.

![**Physical conformation of the native HNF4α and HNF4γ heterodimerization.** *A*, physical interaction of native HNF4α and HNF4γ. HepG2 nuclear extract was used for immunoprecipitation. *B*, schematic diagrams of the HNF4α and HNF4γ mutation constructs. The *box* represents the domain structure of human HNF4α isoform 2 and HNF4γ. The *numbers above the box* represent the amino acid number in each domain. *C*, the pulldown assays of the co-expressed HNF4α and HNF4γ in combination with the heterodimerizing mutation. *D*, localization of the native HNF4α and HNF4γ in HepG2 cells by immunofluorescence staining. HepG2 cells were visualized with the anti-HNF4α F domain monoclonal antibody H1415 (*green*) and the anti-HNF4γ monoclonal antibody B6502A (*red*). The *left bottom panel* shows the merged image of HNF4α and HNF4γ. HepG2 cells were also visualized by 4,6-diamidino-2-phenylindole (*DAPI*) staining (*blue*). All immunoprecipitation results were subjected to immunoblotting using HRP-conjugated antibodies H1415 and B6502A.](zbc0051145820003){#F3}

To elucidate the gene regulatory mechanism of the HNF4α-HNF4γ heterodimer, chromatin immunoprecipitation sequencing (ChIP-seq) analysis with anti-HNF4α and HNF4γ mAbs ([Fig. 4](#F4){ref-type="fig"}*A*) as well as microarray analysis of the siRNA-mediated HNF4α and HNF4γ double knockdown ([Fig. 4](#F4){ref-type="fig"}*B* and [supplemental Data S2](http://www.jbc.org/cgi/content/full/M110.154732/DC1)) were performed using HepG2 cells. An analysis of the HNF4α and/or HNF4γ binding DR1 sequence frequencies did not reveal any definitive differences, but did indicate a few variations in the consensus DR1 sequence ([Fig. 4](#F4){ref-type="fig"}*C*). Next, we analyzed the correlation between the ChIP-seq binding genes and microarray expression profiles based on the reported method by Wang *et al.* ([@B52]). Although the gene groups of HNF4α-HNF4γ overlap and HNF4α did exhibit a correlation between the ChIP-seq binding intensity and the activation of certain genes, the correlation was less conspicuous in the HNF4γ gene groups ([Fig. 4](#F4){ref-type="fig"}*D*). To determine whether the HNF4α-HNF4γ heterodimer activates transcription, we selected two candidate genes from the HNF4α-HNF4γ overlapping group, the *CIDEB* short transcript ([@B53], [@B54]) and the homogentisate 1,2-dioxygenase (*HGD*) gene ([@B55]). These genes were down-regulated by HNF4α and HNF4γ double knockdown, and ChIP-seq and ChIP-reChIP binding was observed ([Fig. 5](#F5){ref-type="fig"}, *A--C*). Additionally, the candidate DR1 sites, which were the same as the identified motifs of the HNF4α-HNF4γ heterodimer, were found in each ChIP-seq binding region ([Fig. 5](#F5){ref-type="fig"}*D*). We checked the promoter activity of each region by reporter assay. In CIDEB-(1--204), a slight luciferase activity in the distal region of DR1 was observed, whereas the proximal region of DR1-dependent luciferase activity was the most pronounced with both HNF4α and HNF4γ synergistically ([Fig. 5](#F5){ref-type="fig"}*E*). The DR1-dependent luciferase activity induced by HNF4α and HNF4γ was also observed in the HGD 5′ UTR ([Fig. 5](#F5){ref-type="fig"}*E*). Finally, the *in vitro* DR1 site binding of the HNF4α-HNF4γ heterodimer was confirmed by EMSAs ([Fig. 5](#F5){ref-type="fig"}*F*). These results suggest a synergistic activation of HNF4α and HNF4γ at the same DR1 site in both the CIDEB-(1--204) and HGD 5′ UTR regions.

![**Genome-wide analysis of HNF4α and HNF4γ binding genes and the regulation of their expression in the steady-state.** *A*, venn diagrams of HNF4α and HNF4γ co-localization (gene body and −/+ 20,000 base pairs surrounding the gene body) by ChIP-seq analyses. The *circles* designate the genes for which the signal is observed with each antibody. The *numbers* in each set denote the number of genes. The *overlapping region* indicates that signal overlap is observable. *HNF4*α *F-domain* (*blue*), anti-HNF4α F domain antibody H1415; *HNF4*α *A/B-domain* (*red*), anti-HNF4α A/B domain antibody K9218; *HNF4*γ (*green*), anti-HNF4γ antibody B6502A. *B*, siRNA-mediated HNF4α and HNF4γ double knockdown. HepG2 cells were transfected with either HNF4α and -γ-specific siRNAs (4α+4γ) or control siRNA (control). After transfection, the cells were harvested for the isolation of total RNA and whole cell lysate. *C*, identification of enriched motifs in the HNF4 binding sequence. The *height of each letter* represents the relative frequency of nucleotides at different positions in the consensus region. *D*, the correlations between each of the HNF4 binding levels and gene expression. Averages of the microarray expression dataset of the control siRNA-transfected HepG2 cells were used for the steady-state HepG2 expression level. Genes were grouped as 100 gene sets (*one dot* in the figure) according to the steady-state expression level. Each HNF4 binding level was calculated for the same 100 gene sets. The *y* axis indicates the HNF4 binding level, and the *x* axis indicates the steady-state expression level.](zbc0051145820004){#F4}

![**The transcriptional activation of the *HGD* and *CIDEB* genes by HNF4α-HNF4γ heterodimerization through the same DR1 sites.** *A*, transcriptional down-regulation of *HGD* and *CIDEB* by siRNA-mediated HNF4α and -γ double knockdown in HepG2 cells. The ID of each probe is indicated *under* each gene name. *B*, the ChIP-seq analysis of HNF4α and HNF4γ overlap binding on the *CIDEB* and *HGD* promoter regions in HepG2 cells. The *arrows* denote the regions of the primer sets for ChIP-qPCR. *C*, ChIP-qPCR (*left*) and ChIP-reChIP-qPCR (*right*) analysis of HNF4α and HNF4γ overlap binding of the *CIDEB* short transcript and *HGD* promoter region in HepG2 cells. The details of the primer sets are provided under [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). *D*, *left*, schematic representation of the human *CIDEB* and *HGD* promoters, illustrating the DR1 motifs. *Right*, alignment of the two DR1 motifs in the human *CIDEB* and *HGD* promoters. The sequences of the DR1 motifs identified in the ChIP-seq study ([Fig. 4](#F4){ref-type="fig"}*C*) (identified heterodimer motif) and the reported HNF4α binding motifs in HepG2 (Reported HNF4α motif) ([@B72]) are aligned. *E*, luciferase analysis of the HNF4α and HNF4γ cooperative transcriptional activity effect of the *CIDEB* and *HGD* genes on DR1 sequences. The relative luciferase activities of HNF4α (*left box*), HNF4γ (*center box*), and both HNF4α and HNF4γ (*right box*) are indicated. The *numbers above the bars* refer to the increases induced by each HNF4. *F*, EMSAs. The bands of DNA proteins in the HepG2 nuclear extract complex formations are indicated by the *arrow*. The bands of the complexes supershifted by the addition of each anti-HNF4 antibody are indicated by an *asterisk*. The oligonucleotide sequences used for probes and competitors are shown under [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.154732/DC1). *HNF4*α *F domain*, anti-HNF4α F domain antibody H1415; *HNF4*α *A/B domain*, anti-HNF4α A/B domain antibody K9218; *HNF4*γ, anti-HNF4γ antibody B6502A.](zbc0051145820005){#F5}

DISCUSSION
==========

One of the main functions of HNF4α is the constitutive regulation of genes in critical metabolic pathways of the liver ([@B14], [@B56]), thus we performed a proteomic analysis of steady-state native HNF4α to elucidate the mechanisms of fine tuning of multiple transcriptional activities. The use of domain-specific mAbs allowed incremental improvement of proteomic analysis reliability and covered all of the HNF4α isoforms except isoform 9. The results of IP using these mAbs showed a high signal-to-noise ratio ([Fig. 1](#F1){ref-type="fig"}). The major expression of HNF4α isoform 2 is consistent with the expression in the human liver ([@B57]). High sensitivity shotgun proteomics identified the isoforms and phosphorylation status of native HNF4α ([Fig. 2](#F2){ref-type="fig"}). Among the major identified phosphorylation sites, a novel site, which corresponds to a 10-amino acid insert F domain, is expected to be able to modulate transcriptional activity by a conformational change and/or recruiting specific cofactors ([Fig. 2](#F2){ref-type="fig"}*B*) ([@B25]). The identification of multiple phosphorylation sites suggests a contribution to the multiple functional roles of HNF4α through changes in phosphorylation. The identified inter-isoforms suggested isoform heterodimerization ([Fig. 2](#F2){ref-type="fig"}*C*), which was confirmed by immunoblotting ([Fig. 2](#F2){ref-type="fig"}*D*). These results imply the possibility that all of the isoforms form heterodimers, and also that there is a fine tuning of transcriptional regulation by an HNF4α isoform homodimer or heterodimer.

In an effort to determine the proteomic landscape of the HNF4α interacting factors and complexes using the identified proteins and protein complex database in HPRD, we categorized the cofactor complexes by function and stoichiometry ([Table 1](#T1){ref-type="table"}). Among the outstanding complexes, the DNA-PKcs has already been reported as an NR cofactor ([@B58]). In relation to HNF4α, DNA-PK acts as the cofactor of FoxA2, which activates apolipoprotein AI in synergy with HNF4α ([@B59]). Because FOXA2 was found in our proteomic analysis as well, DNA-PKcs can be considered to be an HNF4α cofactor complex. We also found the HAT complexes. Because two HAT catalytic proteins, Gcn5-related HAT Gcn5L (KAT2A) and MYST-related HAT TIP60 (KAT5) were identified, the STAGA and Tip60 HAT complexes ([@B46], [@B47]) might function as an HNF4α interacting complex. In a previous report of STAGA complex identification, SF3B3 was found to be a STAGA subunit ([@B47]). In addition to SF3B3, we identified SF3B3 containing the U2 snRNP splicing complex, supporting the concept of a coupling of transcriptional activation and mRNA splicing. Recent investigation revealed that STAGA subunits of ATXN7L3, USP22, and ENY2 act as both histone H2A/B-deubiqutination modules and NR cofactors ([@B60]). Although these reported subunits were not found in our results, H2A/B and ubiquitin-specific protease USP10 (UBP10) were identified ([supplemental Data S1*C*](http://www.jbc.org/cgi/content/full/M110.154732/DC1)), so it may indeed be a candidate partner of the HNF4α characteristic STAGA subunit of the H2A/B-deubiqutination modules. As already reported for other NR cofactor complexes, NCoA62/SKIP ([@B49]), WINAC ([@B50]), and nucleosome remodeling and deacetylase ([@B51]) were identified here. These complexes can also be regarded as HNF4α cofactors in HepG2 cells. Among the proteins that were not assigned to the HPRD complex, we observed steroid receptor cofactor proline-, glutamic acid- and leucine-rich protein 1 (PELP1), a typical NR cofactor with an L*XX*LL coactivator motif ([@B61]), and Lamina-associated polypeptide 2 isoform α (TMPO), with Lamin A (LMNA) and BAF (BANF1), which are related to the nuclear matrix association and chromosome structure ([@B62]). We also observed lysine-specific histone demethylase 1 (KDM1) and lysine-specific demethylase 5A (KDM5A), which are the demethylases of the 4th lysine residue of histone H3 ([@B63], [@B64]), and probable jmjC domain-containing histone demethylyation protein 2C (JMJD1C), which is the demethylase of the 9th lysine residue of histone H3 ([@B65]). Because these proteins have been reported as NR binding partners ([@B65], [@B66]), they might function as an HNF4α-mediating epigenetic control. Recently, KDM1 was reported as a newly identified nucleosome remodeling and deacetylase subunit ([@B67]), but it is still not in the HPRD. In terms of the most conspicuous difference between the domain-specific mAbs, the PERQ amino acid-rich with GYF domain-containing protein 2 (GIGYF2) should be noted as a new candidate for A/B domain binding ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M110.154732/DC1)). GIGYF2 has been reported to be a transiently binding protein to the insulin-like growth factor 1 receptor and a modulator of insulin-like growth factor-1 signaling, with two nuclear localization signals and one L*XX*LL motif ([@B68]). Considering the HNF4α mutation in MODY1 lacking the NH~2~-terminal transactivation domain ([@B9]) and the postulated linkage between HNF4α and the insulin/insulin-like growth factor-1 signaling pathway in diabetes ([@B69]), GIGYF2 is an important candidate for regulation of glucose metabolism in the liver. The reported HNF4α cofactors EWS ([@B70]) and p300 ([@B71]) were also observed, although with a low level of reliability. Together, the results suggest the importance of the HNF4α mediating functional complexes and help bring into focus the dynamic proteomic landscape, especially in terms of extracellular/intracellular signaling and/or the developmental cascade. They do not, however, answer the question of whether any of the identified proteins intrinsically formed the complex with HNF4α, because some of the proteins may have formed interactive complexes after dialysis with the high to low salt condition in the course of nuclear extract preparation. However, we observed that HNF4γ, part of the Tip60 complex, PELP1, Lamina-associated polypeptide 2 isoform α, and GIGYF2 were also identified by proteomic analysis under a high salt wash condition. These proteins thus seem to be natural and high affinity HNF4α interacting factors.

HNF4α has been considered to act almost exclusively as a homodimer ([@B34]). In this study, however, the analysis of the native HNF4α complex revealed much greater complexity, including heterodimerization with HNF4γ ([Fig. 3](#F3){ref-type="fig"}), which suggests multiple stages of fine regulation of transcription. Two candidate genes for HNF4α-HNF4γ heterodimer regulation, the lipogenesis- and fatty acid oxidation-controlling factor *CIDEB* ([@B54]) and the key enzyme in the tyrosine and phenylalanine metabolic pathways, *HGD* ([@B55]), were selected from the ChIP-seq and microarray analyses. These analyses proved to be highly useful for predicting the active binding sites and revealing transcriptional activation by the heterodimer ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Our finding shows that the HNF4α-γ heterodimer activates certain genes involved in the control of metabolism ([Fig. 5](#F5){ref-type="fig"}).

The proteomic analysis described here was performed using the nuclear extract of single dish-cultured cells. Applying this highly sensitive proteomic method, together with a semiquantitative strategy for identifying the dynamic changes of transcriptional complexes under various stimulants, is highly useful for analyzing the complexity of the regulatory mechanisms of transcriptional regulation.
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